MOL 4481

Introduction
Mrp2 (Abcc2), previously designated the canalicular multispecific organic anion transporter (cMOAT), has been characterized as an ATP-dependent membrane transport protein responsible for the biliary excretion of organic anions, including both conjugated and unconjugated amphiphilic anions (Borst et al., 2000; Gerk and Vore, 2002; Konig et al., 1999) . In the liver, Mrp2 is located exclusively on the canalicular membrane, with a molecular weight of 190 kD (Ogawa et al., 2000) .
Dedifferentiation and loss of many liver-specific properties are well known to occur in primary hepatocytes cultured in a conventional configuration. For example, Na + -dependent taurocholate cotransporting polypeptide activity in primary rat hepatocytes cultured on a gelled collagen substratum has been shown to be reduced to 2%-7% of basal activity after 72 hours in culture, while Mrp2 activity was maintained at 50% of its original value (Rippin et al., 2001) . However, hepatocytes cultured in a sandwich configuration (between two layers of gelled collagen) exhibit a more normal physiological morphology including extensive bile canalicular networks and maintenance of transport protein expression and function compared to hepatocytes cultured in a conventional configuration (Liu et al., 1998; Liu et al., 1999b; Liu et al., 1999c) . The sandwich-cultured hepatocyte system has been used as an in vivo-like model to study biliary excretion (Liu et al., 1999c) .
Nascent proteins contain signals that determine their ultimate destination within the cell, and protein glycosylation is one strategy used by cells to assist in sorting proteins to the MOL 4481 5 proper membrane domain. MRP2/Mrp2 has at least two glycosylation sites, one of which is located in the N-terminus, and the other in the third extracellular loop of the C-terminus (Borst et al., 2000) . Non-functional MRP2 identified in a patient with Dubin-Johnson syndrome was found to contain 2 amino acid deletions (Keitel et al., 2000; Keitel et al., 2003) . This mutant protein was less glycosylated, retained in the endoplasmic reticulum, and was sensitive to endoglycosidase, suggesting impaired stability and trafficking of MRP2 (Keitel et al., 2000) . Trafficking experiments with a series of chimeric Mrp1/Mrp2
proteins suggested that the critical domain determining Mrp2 trafficking was in the Nterminal fragment (Konno et al., 2003) . Liu et al. reported that the molecular weight of Mrp2 in rat hepatocytes cultured for 5 days in a sandwich configuration was increased by ~ 10 kD (Liu et al., 1999b) . These data were consistent with the hypothesis that Mrp2 underwent glycosylation in primary sandwich-cultured rat hepatocytes over time in culture.
Tunicamycin, a hydrophobic analog of UDP-N-acetylglucosamine, is an antibiotic that inhibits N-glycosylation by blocking the addition of N-acetylglucosamine to dolichol phosphate, the first step in the formation of the core oligosaccharide (Christensen et al., 2000; Kamitani and Sakata, 2001 ). In the current study, tunicamycin was used to block Mrp2 glycosylation, and to explore the influence of glycosylation on the localization of this transport protein in sandwich-cultured rat hepatocytes.
MOL 4481 before the study was performed and were allowed food and water ad libitum. All animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences (NIH publication 86-23 revised 1985) . The Institutional Animal Care and Use Committee approved all procedures.
Sandwich-cultured hepatocytes: Hepatocytes were isolated as described previously (Chandra et al., 2001) . Briefly, rats were anesthetized with ketamine and xylazine (60 and 12 mg/kg i.p., respectively). The liver was perfused in situ with oxygenated Ca 2+ -free Krebs-Henseleit bicarbonate buffer containing 5.5 mM glucose for 10 min at 37°C
followed by perfusion with the same buffer containing 5 mM CaCl 2 and 0.5 mg/ml of collagenase type I for 10 min. After perfusion, the liver was removed and hepatocytes were released into 100 ml of DMEM by gently tearing the capsule of the liver. The cells were filtered through a nylon mesh and centrifuged at 50 x g for 2 min. The pellet was resuspended in 25 ml of DMEM and 25 ml of 90% isotonic Percoll, and centrifuged at 70 x g for 5 min. The cells were washed again with DMEM, and the viability of hepatocytes was determined by trypan blue exclusion. Only those hepatocytes with viability greater than 90% were seeded onto dishes.
Nunc plastic culture dishes (60 mm) from Nalge Nunc International (Rochester, NY) were precoated with neutralized rat-tail collagen solution at least 1 day before isolating the hepatocytes. Twenty-four hours later, the gelled collagen was hydrated with 3 ml DMEM.
After isolation, the hepatocytes were resuspended in DMEM containing 5% FBS. The
This article has not been copyedited and formatted. The final version may differ from this version. hepatocytes were seeded onto these pre-coated dishes at a density of 3 x 10 6 /dish; 1-2 hours later the medium was replaced with 3 ml of fresh medium supplemented with 5% FBS + 0.1 µM dexamethasone (Day 0). After 24 hours, neutralized collagen (0.2 ml, 1.5 mg/ml, pH 7.4) was overlaid on top of the hepatocytes. Fresh DMEM supplemented with 1% ITS (v/v) + 0.1 µM dexamethasone was added on top of the gelled collagen. The culture medium was changed daily.
Tunicamycin treatment: Hepatocytes were treated with 0.1 µg/ml tunicamycin or vehicle (0.1% methanol) by supplementing the culture medium for designated periods on Days 1-3
for Western blot, and for 48 hours for immunohistochemical studies. In preliminary experiments, a tunicamycin concentration of 1 µg/ml caused morphologic alterations in sandwich-cultured rat hepatocytes after 24 hours. Based on preliminary experiments, a 10-fold lower concentration of tunicamycin (0.1µg/ml) was selected for investigation in this study. This concentration is well below that employed in other studies with Madin-Darby canine kidney (MDCK) cells (Fernandez et al., 2002) . zero, but increased to ~30% and ~11 ml/min/kg by Day 4, respectively (Table 1) . 
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Discussion
Sandwich-cultured rat hepatocytes maintain a more physiologically normal morphology with a higher level of transport protein expression and function compared to hepatocytes cultured in a conventional configuration (Liu et al., 1998) . The sandwich configuration facilitates repolarization of the cells necessary for the formation of canalicular networks (LeCluyse et al., 1994) . In the present study, Mrp2 protein levels, as determined by
Western blot analysis, remained constant over 4 days in culture; however, the molecular weight of the Mrp2 band increased by ~10kD.
The constant level of Mrp2 protein over the four days in culture represents a balance between the degradation of existing Mrp2 and the synthesis of new Mrp2 in sandwichcultured rat hepatocytes. After disruption of cell polarity by collagenase treatment during hepatocyte isolation, the apical membrane containing Mrp2 is rapidly endocytosed (Roelofsen et al., 1995) . Mrp2 in fresh liver and Day 0 sandwich-cultured rat hepatocytes was partially glycosylated, and was glycosylated further over days in culture, resulting in an increase in the molecular weight of Mrp2 by ~10 kD. In Day 0 or fresh liver, the molecular weight of Mrp2 decreased from ~190 kD to ~180 kD after treatment with Subsequent experiments demonstrated that the localization of Mrp2 affects its transport function. CDF diacetate, which exhibits weak fluorescence, rapidly diffuses across the cell membrane of hepatocytes and is hydrolyzed by intracellular esterases in the cytoplasm to a highly fluorescent product, CDF (Zamek-Gliszczynski et al., 2003) . CDF is a high affinity substrate for Mrp2 (Liu et al., 1999b) , and is transported efficiently into the canalicular degradation by proteasomes (Keitel et al., 2000) . Based on Western blot analysis, a very small band (~40 kD, data not shown) did appear after 48 hours of tunicamycin treatment, but not in vehicle-treated cells, supporting the hypothesis that Mrp2 was degraded when glycosylation was inhibited by tunicamycin. The immunofluorescent images of Mrp2 after 48 hours of tunicamycin treatment were decreased in intensity compared with vehicle treatment, consistent with the observation that the total amount of Mrp2 protein after tunicamycin treatment was less than that in vehicle-treated cells.
Since tunicamycin does not hydrolyze the existing glycosylated groups on Mrp2, but rather prevents new protein from being glycosylated, the ~180 kD band most likely represents newly synthesized protein. However, we cannot exclude the possibility that internalized ~190 kD Mrp2 was deglycosylated and degraded to ~180 kD, due to normal degradation processes in the cell. The protein synthesis inhibitor, cycloheximide, was utilized to inhibit Mrp2 synthesis, but the results were inconclusive since incubation for ≥48 hours with 10 µg/ml of cycloheximide caused toxicity in the hepatocytes. Lower concentrations of cycloheximide did not appear to inhibit Mrp2 protein synthesis completely. Since there was no newly glycosylated Mrp2 that could appear in this system due to the presence of tunicamycin in the culture medium, the half-life of the glycosylated Mrp2 protein was estimated to be ~45 h. However, due to the poor separation of the 200 kD and 180 kD bands in some blots ( Figure 6A ), it is possible that the band at ~180 kD may partially overlap with the band at ~200 kD. Thus, this half-life of Mrp2 may be an overestimate of the true half-life.
This article has not been copyedited and formatted. The final version may differ from this version. Several factors influence the trafficking and localization of transport proteins. One of these factors, protein glycosylation, has been shown to be crucial for the correct trafficking of many membrane transporters (Lee et al., 2003) . Mutations causing amino acid sequence changes in human MRP2 result in Dubin-Johnson syndrome, a condition characterized by impaired bilirubin secretion into bile (Keitel et al., 2000) . This mutation results in defective folding of MRP2 within hepatocytes, and therefore, impairs MRP2 localization and function. In one patient with Dubin-Johnson syndrome, deletion of two amino acids in the sequence of MRP2 resulted in a mutant protein that was more sensitive to endoglycosidase H digestion, and this patient subsequently expressed a less glycosylated form of MRP2. In this case, MRP2 was trapped in the endoplasmic reticulum and was unable to traffic to the apical membrane. Several other mutations found in Dubin-Johnson syndrome patients result in both glycosylated and nonglycosylated forms of MRP2. The glycosylated MRP2 mutant could correctly traffic to the apical cell membrane of hepatocytes while the nonglycosylated mutant exhibited deficient maturation and impaired sorting (Hashimoto et al., 2002) . These studies suggest that MRP2 glycosylation is an important determinant of MRP2 trafficking and function in humans. Under sandwich- performed with different glycosylated forms of P-glycoprotein and Mrp1 have demonstrated that glycosylation has no effect on the transport activity of these proteins (Cai et al., 2001; Urbatsch et al., 2001) . In addition to glycosylation of MRP2, radixin, a member of a protein family responsible for the cross linking of actin filaments and integral membrane proteins (Tsukita and Yonemura, 1999) , recently was reported to be involved in Mrp2 trafficking. Radixin deficiency resulted in selective loss of Mrp2 from the bile canalicular membrane, suggesting that radixin also may be involved in correct Mrp2 localization (Kikuchi et al., 2002) . The relationship between radixin and Mrp2 in sandwich-cultured hepatocytes is the subject of ongoing studies in our laboratory.
In summary, Mrp2 in rat hepatocytes is internalized after isolation at Day 0. In order for This article has not been copyedited and formatted. The final version may differ from this version. (1:600) were used to detect Mrp2 (green) and Golgi (red). No co-localization was observed.
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